Using first-principles density functional theory calculations, we investigated the effect of charge doping in a LaNiO 3 /SrTiO 3 superlattice. The detailed analysis based on two different simulation methods for doping clearly shows that the electronic and structural properties change in a systematic way that the orbital polarization (i.e. relative occupation of two Ni-e g orbitals) is reduced and the Ni to apical oxygen distance enlarged as the number of doped electrons increases. Also, the rotation angles of the NiO 6 /TiO 6 octahedra strongly and systematically depend on the doping so that the angle γ gradually decreases whereas the α and β increase as a function of electron doping.
I. INTRODUCTION
Recent advances in the atomic-scale growth technique of transition metal oxide (TMO) heterostructures have created considerable research interest [1, 2] . In TMO, multiple degrees of freedom (i.e., charge, spin, orbital, lattice) are coupled to each other, often creating novel material characteristics such as high-temperature superconductivity and colossal magneto resistence [3] . By making artificial heterostructures of TMO, it is possible to control those degrees of freedom and band structures, and therefore create or design new 'correlated electron' properties. Previous TMO superlattice studies [4] [5] [6] [7] [8] have shown that many unexpected material phenomena can be realized at the TMO heterointerface, such as magnetism and superconductivity [9] [10] [11] [12] [13] .
Combined with other degrees of freedom in TMO, charge doping can play a significant role in determining material properties. Sometimes extra charges are introduced in an unexpected and uncontrolled way. For example, oxygen vacancy often drives a TMO system to have fairly different material characteristics (e.g., an insulating material to be metallic) [14] [15] [16] . Cation inter-mixing can also be important as it introduces a different local ionic potential to the nearby atoms (e.g., inter-mixing of Sr 2+ and La 3+ ). On the other hand, it is also possible to control the amount of extra charges by chemical doping or electric field, for example. Considering all these possibilities, it is important to understand the effect of charge doping in TMO heterostructures. In particular, the relation between rotation of metal-oxygen octahedra and charge doping has never been investigated in a systematic way.
In this paper, we examine the effect of doping on nickelate superlattices which are being actively studied nowadays [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Taking LaNiO 3 /SrTiO 3 as a prototype example [28] [29] [30] [31] , we performed first-principles density functional theory (DFT) calculations and examined the electronic structure, orbital polarization, magnetism, and structural distortion as a function of doping. To simulate charge doping, two different approaches were adapted, namely, the rigid band shift method and the supercell calculation with a couple of Sr 2+ /La 3+ ratios. The systematic changes are found in these physical properties: As the number of extra electrons increases, the orbital polarization (i.e., the relative occupation of d x 2 −y 2 to d 3z 2 −r 2 ) is reduced, and the Ni to apical oxygen distance enhanced. The octahedra rotation angles also exhibit a systematic dependence on charge doping. Our results suggest a possibility to control the structural property as well as the electronic structure by doping, and provides useful information to understand the experiments under the various types of doping situations.
After presenting computation details in Sec. II, we discuss the doping effect with no oxygen octahedral rotation in Sec. III. In Sec. IV, the possible NiO 6 and TiO 6 cage rotations are taken into account. After discussing further issues in Sec. V, a summary is given in Sec. VI. In the appexdix, we briefly discuss the electronic structure changes as a function of doping, which provides an electronic origin of the systematic changes found in the other physical quantities.
II. COMPUTATION DETAILS
For the band structure calculations, we used DFT within local spin density approximation (LSDA) [32] and the projector-augmented wave (PAW) method [33] as implemented in the Vienna ab initio simulation package [34] . We adopted a plane-wave energy cutoff of 400 eV with a 5 × 7 × 7 k-point sampling on the Monkhorst-Pack grid. To incorporate the effect of correlations, the so-called simplified version of rotationally invariant LSDA+U as suggested by Dudarev et al. [35] was used with the effective U ≡ U −J varying from 0 to 5 eV while we mainly present the U =3 eV results considering the literature values [21, 22, 27] . Structural optimization was performed with a force criterion of 1 meV/Å . During this process, a ferromagnetic order, suggested to be the ground state in recent DFT calculations [21, 22, 27] , was set as the initial magnetic configuration. However, we also note the unresolved issue regarding the spin ground state predicted by DFT-based methods [21, 25, 27] . Fig. 1 shows the unit cell structure of the (LaNiO 3 ) 1 /(SrTiO 3 ) 1 superlattice used in this study. As shown in Fig. 1(a The orbital polarization, representing the relative occupations in the two Ni-e g orbitals, can be defined as [26] :
where we choose b = −3.5 eV (with the Fermi energy F = 0) to capture the occupations on the valence d-orbital complexes. We found that our conclusions were unchanged even when we used the values of b down to −10 eV.
III. RESULTS WITHOUT OCTAHEDRAL ROTATION
In this section, we present the calculation results that are obtained from the structures with no rotational distortion. In these calculations, due to the high symmetry of the initial geometry, the undistorted structures are maintained after the relaxation process. The results are meaningful to understand the system in further details and can be relevant to the experimental situation in which the rotational distortion modes are suppressed for some reason, such as substrate strain, although a recent study of LNO/STO indicates the possible rotations [30] .
A. Structural changes This feature is presumably attributted to the U -dependence of d 3z 2 −r 2 -orbital occupations which will be discussed further in the following subsection.
B. Electronic structure, orbital polarization, and magnetism
First we note that the doped charges reside mostly in the Ni-e g bands and the empty Ti-t 2g is located well above ∼2 eV. In case of La 3 Sr-/LaSr 3 -cell calculations, it is found that a small fraction of Ti-t 2g bands touches the Fermi level at U =0 and is pushed far away by U Ni . From the shape of Ni-e g projected density of states (PDOS), schematically shown in Fig. 3 (a), it is expected that a major portion of the doped charges will go into d be understood well from the PDOS features in Fig. 3(a) . Notably, the calculated orbital polarization is similar for both cases despite the differences in the two computation methods.
The PDOS calculated by the two computation methods are found to be quite similar as shown in Appendix (Fig. 6 ). is enhanced (reduced). Another intriguing feature is the behavior of magnetization of e gorbitals upon doping shown in Fig. 3(c) . While the paramagnetic solution is always stable in U = 0 calculations, in the intermetiate strength of 2 < U ≤ 3 eV, Ni magnetic moment can be induced either in the electron-doped (U = 2 and 3 eV) or in the hole-doped regime (U = 3 eV). The schematic shape of PDOS suggests, in this range of U , that the Stoner mechanism may be responsible for the magnetism as the PDOS peaks of d 3z 2 −r 2 and d x 2 −y 2 state get closer to the Fermi level. Note that, at higher U =5 eV such doping-dependent behavior disappears and the magnetization is gradually enhanced with more doped electrons.
IV. RESULTS WITH OCTAHEDRAL ROTATION
In this section, the rotational degree of freedom is taken into account. In combination with it, the doping effect on the structural, electronic, orbital, and magnetic properties is examined. As the starting configurations for the structural optimization, we adopted the Jahn-Teller-or breathing-type distortion of NiO 6 octahedra is obtained in some cases.
A. Structural changes
The rotation pattern of NiO 6 and TiO 6 octahedra also exhibits a systematic dependence on charge doping. Fig. 4(a) shows the evolution of NiO 6 rotation angles as a function of doping (U = 0 eV). In the case of uniform background doping (filled symbols), the antiferrodistortive angle γ (see the inset of Fig. 4(b) ) is gradually reduced from −6
• to −2 strain. Therefore, the rotation pattern can be understood as an adaptation of the NiO 6 and TiO 6 octahedra in response to this effective strain that comes in due to the change of the
-ratio under the fixed lattice constants, which is consistent with previous studies of d 0 -perovskite systems under real strain [37] . Our results suggest that, due to the strong charge-orbital-lattice coupling, not only epitaxial strain but also doping can be used to control the octahedral rotation pattern in perovskite superlattices or thin films.
While the systematic trend of rotation is maintained in the finite U calculations, the rotation angles are significantly enhanced as clearly seen in Fig. 4(b) . Also, further structural changes are introduced. In the undoped case, the Jahn-Teller type distortion of NiO 6 is stabilized (Fig. 4(c) ). The long (a l ) and short (a s ) Ni-O bond lengths are presented in Table I . At the doping level between 0.0 and +0.25e/Ni, the structural transition from (a 0 a 0 c − )-to (a − a − c + )-phase and the breathing-type distortion is found to occur (Fig. 4(d) )
so that the two Ni sites become inequivalent. The Ni-O bond lengths for these two different
Ni-sites (denoted as Ni (1) and Ni(2)) are presented in Table I . Simultaneously with the charge disproportionation, the d Ni−Oap / d Ni−O in -ratio is significantly enhanced for Ni (2) (see Fig. 5(a) ). The decreasing feature of P eg discussed in Sec. III ( without octahedral rotation) is found to be enhanced by rotational distortion. Fig. 5 (b) summarizes our calculation results, where Ni(1) and Ni(2) are distinguished due to the charge disproportionation. P eg decreases as the number of doped electron increases for both U =0 and 3 eV, indicating that the extra electrons mainly occupy the d 3z 2 −r 2 orbital, rather than d x 2 −y 2 . This feature can also be found in PDOS (see Appendix, Fig. 8 ). While the general decreasing trend of P eg is found for both Ni(1) and Ni(2), some deviation is also noted at the doping level higher than +0.25e ( Fig. 5(b) ). The PDOS analysis shows that, as more electrons are introduced, the Ni(2)-d x 2 −y 2 occupation is reduced, while the two e g orbitals of Ni(1) are occupied with equal amounts of electrons (see Appendix, Fig. 8 ). This feature is also reflected in the Fig. 5(a) ), P eg ( Fig. 5(b) ), and magnetizations ( Fig. 5(c) ).
Note that magnetism occurs even in U = 0 eV, possibly due to the d the metal-oxygen-metal network. However, we note that the two different approaches, which incorporate the charge doping in our calculations, produce consistent results regarding the change of the electronic structure, orbital polarization and structural property. Also, the orbital polarization is insensitive to some degrees of structural difference. These findings strongly suggest that the overall conclusions presented in this study are quite relevant to various doping situations in experiments, in spite of the limitation of simulation methods.
We emphaize that our results can provide useful information to understand the experiment. For example, the further distortion of rotated oxygen octahedra caused by doping implies that more oxygen vacancies are not necessarily leading the system to be more metallic because further rotation can simulatneously make the system be less metallic due to the enlarged effective U/t parameter. Also, our prediction of polarization dependence as a function of electron doping can be tested in experiments, for example by changing the oxygen partial pressure in the pulsed laser deposition process. 
VI. SUMMARY
The effect of charge doping on the electronic, orbital and structural properties in LaNiO 3 /SrTiO 3 has been investigated using first-principles density functional theory calculation in which doping was simulated with two different methods, namely, rigid band shift and the supercell calculation. The results clearly show the systematic dependence of these physical properties on doping. As more electrons are introduced, the orbital polarization is gradually reduced and the Ni to apical oxygen distance increases. These features are found in both structural phases with and without octahedral rotations. Remarkably, the rotation angles of the NiO 6 /TiO 6 octahedra are also found to strongly depend on doping so that the angle γ gradually decreases, whereas α and β increase as a function of electron In this Appendix, we present the electronic structure change as a function of doping, which provides further information to understand the doping dependence of our system and is closely related to the other physical quantities discussed above. Fig. 6 shows the PDOS in the structure with no octahedral rotation. First of all, we note that the electronic structure difference between rigid band shift and LaSr 3 /La 3 Sr-cell calculation is not significant. This point also holds for the results of rotated structures ( Fig. 7 and Fig. 8 ). It is therefore consistent with our finding that two different approaches predict the same features regarding the orbital occupation and structural properties as discussed above. The overall shape of the Ni-e g PDOS is actually consistent with the schematic picture in Fig. 2(a) , vindicating our discussion in Sec. III.B based on this picture. 
